The oxygen evolution reaction (OER) through water oxidation is a key process for multiple energy storage technologies required for a sustainable energy economy such as the formation of the fuel hydrogen from water and electricity, or metal-air batteries. Herein, we investigate the suitability of Cu 2 FeSnS 4 for the OER and demonstrate its superiority over iron sulfide, iron (oxy) hydroxides and benchmark noble-metal catalysts in alkaline media. Electrodeposited Cu 2 FeSnS 4 yields the current densities of 10 and 1000 mA/cm 2 at overpotentials of merely 228 and 330 mV, respectively. State-of-the-art analytical methods are applied before and after electrocatalysis to uncover the fate of the Cu 2 FeSnS 4 precatalyst under OER conditions and to deduce structure-activity relationships. Cu 2 FeSnS 4 is the first compound reported for OER among the broad class of stannite structure type materials containing multiple members with highly active earth-abundant transition-metals for OER.
Introduction
Among the driving forces of global warming, the release of CO 2 into the atmosphere by burning fossils is one of the predominant factors. [1] An energy economy based on regenerative sources such as wind and sun is potentially carbon neutral. [2] A key requirement for the implementation of a sustainable energy economy is an efficient large scale energy storage technology such as the formation of fuels out of abundant and recyclable resources powered by electrical energy. [3, 4] In this regard, electrocatalytic water splitting can be utilized to yield the carbon-neutral fuel hydrogen from electricity and water. Electrocatalytic water splitting is composed of two halfreactions: the hydrogen and oxygen evolution reaction (OER).
The highest loss of efficiency in this process results from the overpotential (η) of the OER, which involves four sequential proton-coupled electron transfer steps. [5] To overcome this disadvantage, a vast amount of suitable OER catalyst have been investigated. [6, 7] Among these highly promising materials are transition-metal (TM) oxides, phosphates, chalcogenides, pnictides and carbides. [8, 9] The strongly oxidizing conditions required to achieve the oxidation of water is in most cases accompanied by a more or less severe transformation of the materials to (oxy)hydroxides species. [10] Therefore, many of the oxides and most of the non-oxidic materials are merely precatalysts for the OER. [11] Even though the anion is often exchanged or depleted from the electrocatalytic active structure, it plays a significant role in tuning the properties of the active catalyst either by creating high surface areas and defects through leaching or by providing a conductive core. [10] [11] [12] [13] [14] [15] Bi-and multi-nuclear-TM (pre)catalysts have proven to be superior to mononuclear ones, as the variation of the metal composition enables the tuning of the intrinsic properties affecting the OER. [16, 17] In this regard, it has been shown that an multinuclear assembling of metals helps to vary adsorption energies [2, 18] and can afford higher stabilities, [19] [20] [21] conductivities [22] [23] [24] and surface areas [25, 26] of OER catalysts.
An intensively investigated example is the inclusion of Fe into other TM systems such as Ni and Co. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In these materials, the included Fe cations drastically increase the OER activity, where Fe is proposed to act as the catalytically most active site. [27, [30] [31] [32] [33] [37] [38] However, poor catalytic activities are observed for heterometal-free FeO x H y , [37, 39, 40] due to its low electric conductivity. [29, 37, 41] Similarly, homometallic iron sulfides usually show low catalytic activities for the OER. [8, 42] An exception represent pyrrhotite Fe 7 S 8 nanosheets bearing mixed Fe valence states and metallic conductivity. [42] On the contrary to homometallic iron sulfides, heterobi-and heteromulti-metallic iron sulfides and especially selenides belong to the most active OER catalysts reported yet. [5, 43, 44] Quaternary sulfides or selenides of the formula A þI 2 B þII C þIV X À II 4 usually contain three different metals. A great variety of (semi)metals can be implemented for example A = Li, Na, Ag, Cu; B = Mn, Fe, Co, Ni, Zn, Cd; and C = Si, Ge, Sn. [45] [46] [47] [48] [49] [50] [51] [52] Many members of this class of materials crystallize in the stannite structure type named after the mineral stannite with the formula Cu 2 FeSnS 4 . The stannite-type structure (space group I � 42m, see unit cell in Figure 1 ) can be described as a cubic closed packed array of anions with half of the tetrahedral voids filled with cations. Its basis is the cubic diamond structure and all atoms are coordinated tetrahedrally by their closest neighbors. Stannites have been intensively investigated, due to their application as thin film solar cells. [53] [54] [55] [56] In this regard, comprehensive efforts have been undertaken to fabricate thin films thereof. [57] [58] [59] This expertise could be used to realize stannite-based electrodes and to probe the material for its OER suitability. To the best of our knowledge, stannite-type materials have not been tested yet as OER precatalysts.
Herein, we report the superior electrocatalytic properties of Cu 2 FeSnS 4 on fluorine doped tin oxide (FTO) and nickel foam (NF) compared to iron sulfide, iron (oxy)hydroxide and the benchmark noble-metal precatalysts IrO 2 and RuO 2 . We found that Cu 2 FeSnS 4 acts as a precursor for the catalytically active phase, where tin is depleted completely from the active structure and sulfur leaches as well in the form of elemental S 8 . The severe structural changes lead to an X-ray amorphous high surface area structure containing nanocrystalline FeOOH embedded into an amorphous copper-containing matrix. This nanocomposite shows a significantly reduced charge transfer resistance (R ct ) compared to the pure iron component, most likely due to an improved electron transport to the FeOOH nanocrystallites. The presented results demonstrate the great potential of stannites for efficient OER. Bearing in mind that stannites containing the most active earth-abundant TM are synthetically accessible; [50] this report may triggers further interest to explore the OER properties of this class of quaternary materials.
Results and Discussion

Structural Characterization of Cu 2 FeSnS 4
Cu 2 FeSnS 4 was synthesized by mechanochemical milling starting from the respective binary sulfides and followed by annealing in a tube furnace. [60] All reflections of the neutron diffraction pattern depicted in Figure 1 (top) could be unambiguously assigned to the stannite structure with space group I � 42m and the unit cell parameters a = 5.451 Å and c = 10.746 Å (see Tabs. S1 and S2 in the supporting information for refinement data). Further, a powder X-ray diagram (pXRD) is shown in Figure S1 confirming the neutron diffraction data. The cations are arranged in Cu (I) À Cu (I) layers alternating with Fe 2 + (II) À Sn 4 + (IV) layers in the tetrahedral voids of the cubic closed packed S 2(À II) anionic partial structure (see Figure 1 , top left). The scanning electron microscopy (SEM) images displayed in Figure S3 exhibit the formation of particles without a clearly defined morphology and a size ranging from 0.1 to 4 μm. Further, energy dispersive X-ray (EDX) mapping using SEM was conducted to determine the elemental distribution in Cu 2 FeSnS 4 . The images shown in Figure 1 (bottom) confirm a homogeneous distribution of the elements Cu, Fe, Sn and S, and the EDX spectrum excludes the presence of other elements (see Figure S3 ). Additionally, inductively coupled plasma atomic emission spectroscopy (ICP-AES) yielded an elemental ratio of 2.1 : 1.0 : 1.0 : 4.2 of Cu : Fe : Sn : S, which is in accordance to the formula composition (see Tab. S3). The selected area diffraction pattern (SAED) obtained by transmission electron microscopy (TEM) shows bright diffraction spots confirming the highly crystalline nature of the material (see Figure S4 (a)). The crystallographic planes (112), (004), (204), (301) and (224) could be assigned in agreement with the neutron diffraction data. High-resolution TEM images display a lattice spacing of 0.521 nm and 0.314 nm revealing the crystallographic planes (002) and (112) (see Figure S4 (e) and (f)).
The surface bonding and oxidation states of Cu 2 FeSnS 4 were unveiled by X-ray photoelectron spectroscopy (XPS). The Cu 2p, Fe 2p, Sn 3d and S 2p spectra (see Figure S5 ) exhibit the expected oxidation states of Cu I , Fe II , Sn IV and S À II with minor amounts of Cu II and a significant amount of S IV caused by surface oxidation. These data are consistent with those reported for Cu 2 FeSnS 4 in the literature. [54] 
Electrocatalytic Characterization and OER Performance
The electrocatalytic activity of the Cu 2 FeSnS 4 towards the OER was investigated in 1 M aqueous KOH using linear sweep voltammetry (LSV). The Cu 2 FeSnS 4 was first electrophoretically deposited on a 2 × 1 cm 2 FTO glass plate substrate with a mass loading of 1 mg on an area of 1 cm 2 (see Figure S6 for pXRD from Cu 2 FeSnS 4 /FTO). The LSVs of Cu 2 FeSnS 4 and the reference iron materials attained at a scan rate of 5 mV/s are shown in Figure 1 (a). The overpotentials of 365 and 550 mV are needed for Cu 2 FeSnS 4 to reach current densities of 10 and 100 mA/cm 2 , respectively. This is significantly less than in case of FeS/FTO, Fe (OH) 3 /FTO and FeOOH/FTO with the same mass loading as well as bare FTO, even though the weight percent of iron in Cu 2 FeSnS 4 (13 %) is much lower compared to the sulfides and oxides.
Motivated by this promising result, we loaded 2 mg of the same materials on NF. NF has recently become an attractive choice as an electrode material, due to its low cost along with a high conductivity, large electro-active surface area, impeccable mechanical stability and good corrosion resistance. [61, 62] Further, its 3D porosity enhances the catalyst-substrate contact for efficient electron transport and lowers electrolyte mass transport limitations. SEM images and an EDX mapping of Cu 2 FeSnS 4 /NF are displayed in Figures S7 and S8. LSV scans with NF based electrodes loaded with Fe containing materials are shown in Figure 2 (b). They were obtained by cycling in a potential range of 1.15 to 1.58 V with a scan rate of 5 mV/s until three similar consecutive scans were obtained. Bare NF treated under the same applied electrophoretic deposition (EPD) potentials in similar conditions exhibited a deplorable OER Figure S10 ) to obtain C dl of the as prepared electrode and after CA measurement (e). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 activity. The overpotentials of Cu 2 FeSnS 4 /NF to reach the current densities of 10, 100 and 1000 mA/cm 2 were 228, 267 and 330 mV, respectively. The activity trend for the iron-based materials were the same as on FTO. Additionally, the benchmark noble metal-based catalysts MO x (M=Ru, Ir) were deposited on NF and investigated similarly (see Figure S9 (a)). Most notable, Cu 2 FeSnS 4 /NF shows a significantly higher activity than these reference materials. Furthermore, we synthesized the referring homo-and heterobi-metallic phases SnS, CuS, Cu 2 SnS 3 and CuFeS 2 following exactly the same synthetic procedure as done for Cu 2 FeSnS 4 . The referring pXRDs are shown in Figure S23 . These four materials were investigated similarly concerning their OER performance (see Figure S9 (b)). This investigation reveals that the activity increases in the order SnS < CuS < Cu 2 SnS 3 < CuFeS 2 < FeS < Cu 2 FeSnS 4 . Two conclusion can be deduced from this activity trend: (i) Fe is crucial to obtain a high electrocatalytic activity and most likely the active site and (ii) the trimetallic stannite phase is indeed required to achieve an exceptional electrocatalytic performance.
To gain insight into the electrocatalytic kinetics, Tafel plots (see Figure 2 (c)) were obtained from LSVs with a scan rate of 1 mV/s. Cu 2 FeSnS 4 /NF showed the lowest Tafel slope of the investigated electrodes with 37 mV/dec indicating a higher transfer coefficient and superior OER kinetics. [6] This value is in the range (~30-45 mV/dec) of FeOOH and other bi-and multinuclear-TM, iron-containing oxyhydroxides and identical with the Tafel slope obtained for Cu 2 FeSnS 4 /FTO (see Figure S10). [23] This result suggests that in both cases iron is the catalytically active site. The linear Tafel behavior could be observed until a current density of 11 mA/cm 2 for Cu 2 FeSnS 4 /NF in contrast to < 1 mA/cm 2 for Cu 2 FeSnS 4 /FTO, indicating that other effects such as surface coverage or electron/proton transport are influencing the catalytic behavior on FTO negatively at much lower current densities already. [63] [64] [65] Hence, the utilization of NF as an electrode substrate proved to be suitable to overcome these disadvantages to a certain extent.
Additionally, electrochemical impedance spectroscopy (EIS) was performed to evaluate the electrode transfer kinetics under OER conditions. [66] As shown in Figure 2 (d), Cu 2 FeSnS 4 possesses a significantly smaller charge transfer resistance (R ct ) than the other aforementioned iron-based catalysts on NF. On FTO the R ct of Cu 2 FeSnS 4 is seven times smaller than the one of FeS and more than 28 times smaller than the lowest one of the investigated FeO x H y catalysts (see Figure S10 ). This reveals superior electron transfer and catalytic kinetics, in agreement with the Tafel data.
Chronoamperometry (CA) at an overpotential of 295 mV was performed over a period of 27 h to investigate the stability under comparably high current densities (see Figure 2 (e)). Initially, a current density of 100 mA/cm 2 was obtained, but a constant increase could be observed in the first 24 h until the current response stabilized at 250 mA/cm 2 . This proves the excellent stability and activity of the investigated system.
We determined the electrochemical double-layer capacitance (C dl ), which is proportional to the electrochemically active surface area (ECSA), by performing cyclic voltammetry with different scan rates in a potential range, where no apparent Faradaic process occurred (see Figure 2 (f)). Before electrocatalytic testing, a value of 0.28 mF/cm 2 for Cu 2 FeSnS 4 /NF was obtained. After the CA measurement, the C dl increased to 1.95 mF/cm 2 (see Figure 2 (f)) revealing a transformation of the material during OER conditions to a phase with multiple times higher ECSA.
To rule out that other oxidation reactions such as the oxidation of S 2(À II) are responsible for the high currents observed, we performed two Faradaic efficiency tests at different current densities. In a closed electrochemical cell Cu 2 FeSnS 4 /NF, after performing a CA measurement at η = 295 mV for 1 h, was used as an anode and CP measurements at 10 mA/cm 2 and 100 mA/cm 2 for 8 min and 2 min were performed. The resulting quantity of O 2 was compared to the current and the Faradaic efficiencies of 94 % and 96 % were obtained for the experiment at 10 and 100 mA/cm 2 , respectively.
Post Catalytic Characterization
Even though Cu 2 FeSnS 4 does not show any changes by pXRD or ICP after several hours of 1 M KOH exposure (see Table S3 ), the electrocatalytic tests indicate a transformation of the material during OER conditions induced by the strongly oxidizing potential. Thus, to gain in-depth insight into the structural transformation, and, therefore, the origin of the prominent electrocatalytic activity, we characterized Cu 2 FeSnS 4 after CA measurements with pXRD, SEM, EDX, TEM and XPS.
A pXRD measurement taken directly from the FTO substrate after electrocatalytic testing (Cu 2 FeSnS 4 /FTO/OER) reveals the absence of every reflex of the original Cu 2 FeSnS 4 structure (see Figure S12 ). Instead, reflexes with a significant weaker intensity are present, which were unambiguously assigned to elemental sulfur. SEM measurements (see Figures 3 (a) and S13) of the same electrode show the absence of the irregular shaped particles with a size close to 1 μm as present in the as-prepared material (see Figure S2 ) and the deposited one (see Figure S7 ). Instead, a nanoscale rough morphology with a high surface area is present. EDX mapping (see Figure S13 ) displays particles containing only sulfur; one of these is indicated in Figure 3 (a). The EDX spectrum (see Figure S14 ) unveils that only Cu, Fe, K and O are present after the electrocatalytic testing in an area without a sulfur particle. For Cu 2 FeSnS 4 /NF/OER, the SEM and EDX (see Figures S16-S18) results are similar even though the morphology of the nanoscale rough surface differs. TEM investigations were performed by scratching off used catalyst from a Cu 2 FeSnS 4 /FTO/OER electrode. The images taken at various magnifications (see Figures 3 (c) and S15) show nanoparticles with a rough morphology and high surface area. The selected area electron diffraction (SAED) presented in Figure 3 (b) exhibits two broad rings indicating nanocrystallinity. The SAED intensities fit perfectly well to the one of the iron oxyhydroxide, 2-line ferrihydrite, and lattice distances determined from diffraction rings are in good agreement with the crystallographic (110) and (106) planes of 2-line ferrihydrite. [67, 68] In the HR-TEM image shown in Figure 3 (d) , ordered and uninterrupted lattice fringes can be seen in an area of up to at most 2 nm diameter. The Fourier transform of such an area reveals a lattice spacing of 0.25 nm, consistent with the (110) crystallographic plane of 2-line ferrihydrite. The fact that the uninterrupted, ordered crystalline domains are so small leads to a large amount of disordered iron surface sites that can act as catalytic centers. No crystalline phase containing copper could be found, and therefore, we assume that copper is present in form of an amorphous matrix in between the FeOOH nanocrystallites. Figure 4 shows the Cu 2p, Fe 2p and O 1s XPS spectra of a sample of the Cu 2 FeSnS 4 /FTO/OER electrode material. The Cu 2p 3/2 and Cu 2p 1/2 spectrum exhibits sharp peaks at the binding energy of 931.9 and 951.7 eV, indicating the presence of a Cu I species. [69] Additionally, satellite peaks typical for Cu II are located at the binding energies of 939.9, 942.6 and 961.2 eV. [14, 69] The low intensity of these satellites is in agreement with the deconvolution of the Cu 2p 3/2 and Cu 2p 1/2 peaks, revealing that most of the Cu is in the Cu I state with a minor contribution of Cu II . The presence of mainly Cu I species strongly supports the hypothesis that iron is the actual active site and that the role of copper is likely another one such as facilitating electron transport. This is further indicated by the low R ct of Cu 2 FeSnS 4 / FTO compared to the other copper-free iron compounds investigated by EIS (see Figure S10 ). The Fe core-level spectrum (see Figure 4 (b)) exhibits two major, rather broad peaks located at 710.1 eV for Fe 2p 3/2 and 723.6 eV for Fe 2p 1/2 . These binding energies are in-between those expected for Fe II and Fe III . [70, 71] The Fe 2p 3/2 peak overlaps with the ones of Sn 3p and Cu LM5/ 6 located at slightly higher binding energies. However, no additional peaks interfere with the Fe 2p 1/2 region allowing a deconvolution of Fe 2p signals originating from Fe II and Fe III . Such an analysis reveals the coexistence of these two oxidation states in approximately equal amounts. The presence of Fe III is further supported by the satellite peak at 732.0 eV. [70, 71] The increased oxidation state strengthens the hypothesis that iron is the catalytically active site, as indicated already by the Tafel slope of 37 mV/dec. [23] The O 1s core-level spectrum reveals a peak with two maxima and one shoulder, suggesting the presence of at least three chemically distinct oxygen environments. The deconvoluted XPS spectrum of pure FeOOH [71] exhibits three peaks at similar binding energies like those shown in Figure 4 (c) . These peaks could be assigned to FeÀ OÀ Fe, FeÀ OÀ H and surface absorbed water. [71] [72] [73] This confirms the conclusion of the TEM results that FeOOH, 2-line ferrihydrite, nanocrystallites are formed during OER conditions. However, other metal oxide such as the SnO 2 from the FTO overlap with these peaks. This can be clearly seen if one Figure S19 . The metal oxide peak is strongly reduced in the Cu 2 FeSnS 4 /NF/OER spectrum, as no SnO 2 is present. The Cu and Fe 2p spectra of Cu 2 FeSnS 4 /NF/OER are also displayed in Figure S19 and indicate the same oxidation states in slightly different ratios than those found for Cu 2 FeSnS 4 /FTO/OER.
Conclusions
Herein, the superior electrocatalytic properties of Cu 2 FeSnS 4 on FTO and NF compared to single component iron sulfide, iron (oxy)hydroxide and the benchmark noble-metal-based catalyst MO x (M=Ru, Ir) with the same mass loading are presented. We reveal that Cu 2 FeSnS 4 consisting only out of earth-abundant elements acts as a precursor for the catalytically active phase, which is nanocrystalline FeOOH embedded into an amorphous copper-containing matrix. This phase is formed by the complete depletion of tin and sulfur and severe reorganization of the precursor structure. We could identify three major reasons for the superior electrocatalytic activity: First, a significantly increased surface area caused by the in-situ formed nanoscale rough morphology, second, an improved R ct most likely caused by a facilitated electron transport through the presence of mixed-valence Cu I/II , and third, a large amount of disordered Fe surface sites of the X-ray amorphous nanocrystalline (< 2 nm) FeOOH. Cu 2 FeSnS 4 is the first stannite material reported for OER. As stannites are known containing the most OER active earth-abundant elements, this report opens a new avenue to novel, highly efficient and robust OER catalysts.
Experimental Section
Materials and synthesis 1 M aqueous KOH and other reagents used in the synthetic procedures were obtained from Sigma Aldrich. The commercial RuO 2 (99 %) and IrO 2 (99 %) were purchased from Alfa Aesar. NF and FTO (resistivity 8-12 Ω/sq) were purchased from Recemat BV and Sigma Aldrich, respectively. Cu 2 FeSnS 4 . Cu 2 FeSnS 4 was synthesized by mechanochemical milling in a high energy planetary Mono Mill PULVERISETTE 6 (Fritsch, Idar-Oberstein, Germany) starting from the binary sulfides and followed by an annealing procedure in a tube furnace. [61] Stoichiometric amounts of CuS, FeS 2 (Sigma Aldrich, 99.8 %) and SnS were filled in a 45 ml zirconia grinding beaker with six zirconia grinding balls (diameter 15 mm) and milled at a rotational speed of 350 rpm for five hours. In order to obtain a highly crystalline product, the ground material was annealed in a subsequent step at 1023 K for two hours under flowing reaction gas (H 2 S). The Cu 2 FeSnS 4 -sample was quenched from 1023 K to room temperature to avoid phase transformation from the high-temperature stannite-type polymorph (space group I � 42m) to low-temperature phase in space group P � 4. CuS was prepared by precipitation from a 0.1 M Cu(NO 3 ) 2 solution with H 2 S (Air Liquide, 99.5 %) followed by annealing at 503 K for two hours in H 2 S-atmosphere. For SnS a solid-state reaction of tin (Merck, 99.9 %) and sulfur (Fluka, 99.99 %) in an evacuated and sealed silica glass ampoule was applied.
FeS, Fe(OH) 3 & FeOOH. Amorphous Fe(OH) 3 was synthesized by precipitation of an iron(III) nitrate following a reported protocol and FeOOH by precipitation of iron(II) sulfate followed by oxidation with H 2 O 2 . [74, 75] Hexagonal crystalline FeS was synthesized by a solid-state reaction following a reported protocol. [76] The corresponding pXRD data to the three materials can be found in the supporting information (see Figures S19 and S20 ).
Characterization
Powder X-ray and neutron diffraction. A Panalytical X'Pert PRO diffractometer (Bragg-Brentano geometry, Cu-K α radiation) was used for powder XRD measurements. Neutron powder diffraction data were collected at the Forschungs-Neutronenquelle Heinz-Maier-Leibnitz Zentrum (MLZ, Garching) using the high-resolution powder diffractometer SPODI (Ge (551) λ = 1.54816 Å). For neutron experiments the sample was encapsulated in a vanadium container with 0.15 mm wall thickness and 9 mm inner diameter (Ar atmosphere). Structural refinements were performed by the Rietveld method [77] using the program FULLPROF [78] Suite Version 2015 by applying a Thompson-Cox-Hastings pseudo-Voigt function for the neutron data, respectively.
Inductively coupled plasma atomic emission spectroscopy. ICP-AES was conducted on a Thermo Jarrell Ash Trace Scan analyser. The materials were digested in aqua regia HCl: HNO 3 4 : 1 v/v (nitric acid, SUPRA-Qualität ROTIPURAN® Supra 69 % and hydrochloric acid, SUPRA-Qualität ROTIPURAN® Supra 30 %). The digestion volume (2.5 ml) was diluted with milli-Q water up to 10 ml. Calibration curves were prepared for copper, iron, tin and sulfur with concentrations between 1 mg/l and 100 mg/l from standard solutions (1000 mg/l Single-Element ICP-Standard Solution ROTI STAR).
Scanning electron microscopy. SEM was performed on a Gemini-SEM500 NanoVP microscope (ZEISS) integrated with an EDX detector (Bruker Quantax XFlash® 6 j 60). The most abundant elements were selected from the EDX spectrum. Data handling and analysis were achieved with the software package EDAX. The SEM experiments were conducted at the Zentrum für Elektronenmikroskopie (ZELMI) of the TU Berlin.
Transmission electron microscopy. TEM was performed on an FEI Tecnai G2 20 S-TWIN transmission electron microscope (FEI Company, Eindhoven, Netherlands) equipped with a LaB 6 source at 200 kV acceleration voltage. For the investigation of the films after electrocatalysis, the films were scraped from the electrode substrate and transferred onto a carbon-coated copper grid. EDX analyses were achieved with an EDAX r-TEM SUTW detector (Si (Li) detector), and the images were recorded with a GATAN MS794 P CCD camera. The TEM experiments were conducted at the Zentrum für Elektronenmikroskopie (ZELMI) of the TU Berlin.
X-ray photoelectron spectroscopy. XPS measurements were carried out using a ThermoScientific K-Alpha + X-ray photoelectron spectrometer. All samples were analysed using a microfocused, monochromated Al-K α X-ray source (1486.68 eV; 400 μm spot size). The analyser had a pass energy of 200 eV (survey), and 50 eV (highresolution spectra), respectively. Binding energies were calibrated to the C 1s peak at 284.8 eV. To prevent any localized charge build up during analysis the K-Alpha + charge compensation system was employed at all measurements. The samples were mounted on conductive carbon tape or measured directly from the electrode substrates (FTO and NF). The resulting spectra were analysed using the Avantage software from ThermoScientific.
Electrochemical measurements
All measurements were performed at 25°C regulated by a thermostat. A typical electrocatalytic run was carried out in a standard three-electrode (working, counter and reference) electrochemical cell in 50 ml 1 M aqueous KOH with a potentiostat (SP-200, BioLogic Science Instruments) controlled by the EC-Lab v10.20 software package. The electrodes (NF/FTO) with samples deposited served as the working electrodes, Pt wire (0.5 mm diameter × 230 mm length; A-002234, BioLogic) as a counter and Hg/HgO as the reference electrode (CH Instruments, Inc.).
Cyclic and linear sweep voltammetry. CV and LSV was performed without stirring and with an applied iR compensation of 90 %. The uncompensated resistance (R u ) was acquired by impedance spectroscopy at 100 MHz. The potentials of the reference electrodes in this work were referenced to the reversible hydrogen electrode (RHE) through calibration, and in 1 M aqueous KOH the potential was calculated using the following equation [Eq. (1)]:
Chronoamperometry. The CA measurements were performed with intensive stirring and an applied iR compensation of 90 % in 1 M aqueous KOH at selected constant potentials with respect to RHE.
Tafel analysis. The Tafel slope was calculated according to the Tafel equation η = blog j + a, where η is the overpotential (V), j is the current density (mA/cm 2 ), and b is the Tafel slope (mV/dec).
Double-layer capacitance. C dl was determined from the CV (cycled between 0.875 and 0.925 V vs. RHE) at a potential range, where no apparent faradaic process occurred. The anodic charging currents measured at 0.9 V vs. RHE were plotted as a function of the scan rate and from the slope the C dl was attained. [79] [80] [81] The ECSA of the catalysts can be calculated using the equation ECSA = C dl /C s, where C s can be defined as the specific capacitance of the material per unit area under identical electrolyte conditions. [82] Therefore, the ECSA is directly proportional to C dl .
Electrochemical impedance spectroscopy. EIS was recorded at 1.57 V vs. RHE for FTO samples and at 1.49 V vs RHE for NF samples to obtain the Nyquist plots. The amplitude of the sinusoidal wave was examined in a frequency range of 100 kHz to 1 mHz. All impedance spectra were fitted using an equivalent RC circuit model. The charge-transfer resistance (R ct ) was then obtained from the diameter of the semicircle in the Nyquist plots. [79, 82] Electrophoretic deposition. The investigated materials were deposited electrophoretically by a well-established method on both, NF and FTO. [62, 75, [82] [83] [84] A potential difference of 10 V, using FTO as both counter and reference electrode or NF for both, in a mixture of iodine and acetone on a 1 × 1 cm 2 area was applied. The electric charge on the catalyst in acetone is insufficient for EPD, as very small amounts of free ions exist in acetone. When iodine is used as the dispersant, it can react with acetone through the keto-enol tautomerization to produce protons as per the following equation
Thus, formed protons are adsorbed on the surface of the suspended particles by making them positively charged. The applied electric field induces the positively charged particles to migrate towards and deposit on the cathode. Typically, 30 mg of the catalyst powder was suspended in 10 ml acetone and sonicated for 2 h then 2 mg of iodine was added and the suspension sonicated for another 3 min. The EPD was conducted at 10 V for 4 min and thin uniform films were obtained. The sample loading on each NF and FTO was 2 and 1 mg/cm 2 , respectively. A similar procedure was also followed to deposit all other electrocatalytically tested compounds.
Faradaic efficiency. The Faradaic efficiency of the materials in 1 M KOH towards oxygen evolution reaction was measured in a twoelectrode configuration where nickel foam loaded with the catalysts were used as anode and Pt wire as a cathode in a closed electrochemical cell. The electrolyte and cell were first degassed with Argon for 30 min under stirring. Afterwards, constant current density of 10 mAcm À 2 or 100 mAcm À 2 was applied for 8 min or 2 min, respectively. At the end of electrolysis, the gaseous samples were drawn from the headspace by a gas tight syringe and analyzed by a GC calibrated O 2 .
The Faradaic efficiency was calculated based on [Eq. (3)]:
V o2 is the evolved volume of oxygen, F is the Faraday constant (96485.33289 C/mol), V m is the molar volume of the gas, j is the current density (10 mAcm À 2 ) and t is the time of electrolysis.
